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COMMENTS OF xG TECHNOLOGY, INC.

xG Technology, Inc. (xG or the Company), by its representatives, hereby submits thése
Comments in the above-captioned proceeding that sceks industry input on the establishment of
rules for the licensing and use of the AWS-3 bands.! As discussed below, xG is heartened by the
initiative of Congress and the Commission to explore the sharing of spectrum as a way to
facilitate more efficient use of this scarce resource. Thus, xG believes that cognitive radio
technology can facilitate spectrum sharing in a way that will maximize spectrum use for Federal
government and private sector users, significantly reduce the costs of accommodating AWS-3

operations in Federal spectrum bands, and make relocation of many Federal users unnecessary.

! Amendment of the Commission's Rules with Regard to Commercial Operations in the 1695-1710 MHz,

1755-1780 MHz, and 2155-2180 MHz Bands, Notice of Proposed Rulemaking and Order on Reconsideration, GN
Docket No. 13-185, FCC 13-102, 28 FCC Red. 11479 (rel. July 23, 2013) 78 FR 51559 (Aug. 20, 2013) (“NPRM™).



STATEMENT OF INTEREST

xQ is a leading developer of innovative communications technologies for wireless
networks. Its extensive intellectual property portfolio covers a broad range of applications
including cognitive radio networks. The Company has commercialized its technologies to create
xMax ™, the world’s first carrier-class cognitive radio network using licensed or unlicensed
spectrum. The Company has successfully deployed and operated cognitive cellular mobile radio
test networks in Fort Lauderdale, Florida and rural Arkansas using the unlicensed 900 MHz band
(902-928 MHz) under Part 15 of the Commission’s Rules. In addition, the U.S. Army awarded
x( a contract to conduct laboratory and field tests of its xMax cognitive cellular network for
potential use by military forces. It is important to note that the Army attempted to, but could not,
jam the xMax devices, even over a two week period and using numerous advanced
methodologies. And, because of xMax’s advanced technology, virtually any level of encryption
can be utilized. These are factors that must be considered in any national security situation and is

another benefit of the cognitive radio system developed by xG.

xG has commercialized its technology through a range of spectrum-agnostic, cognitive
radio solutions that enable commercial service providers and public safety entities to deliver a
wide range of fixed and mobile wireless services using licensed and/or unlicensed spectrum.”
COGNITIVE RADIO WOULD SERVE TO FACILITATE FEDERAL-PRIVATE
SECTOR SPECTRUM SHARING

In the NPRM, the Commission seeks comment on the best way to implement use of the
spectrum being allocated for AWS-3 operations. At paragraph 24, the NPRM notes that because

non-Federal use of the 1695-1710 MHz and 1755-1780 MHz bands is proposed on a shared basis

2 Further information about the Company can be found at www.xgtechnology.com.




with Federal users if clearing is not feasible, the Commission will also consider
recommendations and issues related to Federal Band Reallocation, Sharing, and Coordination
that aim to maximize commercial use of these bands. For the 1755-1780 MHz band, the
Commission anticipates the possibility of a “hybrid” recommendation, in which some operations
would be relocated, some would share the band with commercial licensees, and some would not
share the band (in certain geographic protection zones or exclusion zones). In light of that
possibility, the NPRM seeks comment on adopting Protection Zones, Exclusion Zones, and
“other sharing measures or alternatives.” With regard to the possibility of spectrum sharing
between Federal incumbents and private sector entities, the Commission seeks comment on
“what sharing measures would appropriately maximize commercial access to the spectrum.”

x(G has reviewed the NPRM with the above objectives in mind, and believes that the need
for relocation can be minimized (with greater efficiency and a concomitant reduction in costs),

and spectrum sharing between Federal and private sector users maximized, through the use of

cognitive radio technology.

In particular, xG agrees with the growing recognition that spectrum sharing offers
advantages over relocation of incumbent radio operations. An FCC Bureau Chief,’ a Google

executive that was involved with the birth of the linternet® and even the President of the United

? NPRM at para. 26. See also para 54 (“We seek comment on more specific aspects of these

recommendations below, as well as on any other sharing and coordination issues or alternative approaches that are
outside the scope of CSMAC’s analyses and recommendations.”)

4 NPRM at para. 75.

3 See June 14, 2013, Remarks of Ruth Milkman, Chief, Wireless Telecommunications Bureau, FCC Prepared

for Delivery at Georgetown Center for Business and Public Policy and PCCA Workshop: “Optimal Coevolution of
Mobile Broadband Technology and Spectrum Policy.”

6 At a recent conference in Johannesburg, Google Vice President and Chief Internet Evangelist, Vinton G.

Cerf, advocated spectrum sharing as a way of using radio spectrum more efficiently. See Craig Wilson, “Free the
spectrum, urges Vint Cerf,” Tech Central (September 35, 2013) (at htip://www techcentral.co.za/free-the-spectrum-
urges-vint-cerf/43439/)




States” have all talked about the inefficiency entailed in our present way of using spectrum.

They all propose frequency sharing as a preferred solution; and xG agrees.

Relocation of incumbent operations would be unduly expensive and inefficient: The
Department of Defense (DOD) has estimated that it will cost it about $3.5 billion to move and
reequip their operations in only a 15 MHz portion of the 1755-1850 MHz band, in order to make
way for AWS-3.® NTIA does not yet have an estimate of relocating Government radio
operations from the rest of the Federal spectrum to be made available for AWS-3. These
tremendous costs do not take into account the substantial loss of operational time while the
equipment changes necessary for relocation are made. Certain commercial operators, including
AT&T and Verizon, indicate that they will need to have unused guard bands in the AWS-3

spectrum, in order to avoid interference.

xG therefore recommends that the Commission facilitate a radical change in the way the
frequency spectrum, like the 1755 — 1850 MHz band, is used. Instead of assigning bands to
various entities with the required costly and unnecessary relocation of users to make room, plus
the unnecessary waste of guard bands between users, xG proposes that the identified Federal
spectrum be established as “joint use frequencies™ for Federal and commercial wireless use.
This approach would work like the Special Use Airspaée program that has proven to be
successful for years.” The Special Use Airspace Program was made possible by the use of radar

and direct radio communications, plus advances in aerial navigation like Modern Navigation

7 Memorandum for the Heads of Executive Departments and Agencies, Expanding America’s Leadership in

Wireless Innovation (rel. Jun. 14, 2013), published at 78 Fed. Reg. 37431 (June 20, 2013).

8 NPRM at para. 23; Letter from Karl B. Nebbia, Associate Administrator, Office of Spectrum Management,
NTIA, to Julius P. Knapp, Chief, Office of Engineering and Technology, FCC, at 1-2 (July 22, 2013) (GN Docket
No. 09-51, ET Docket 10-123) (“NTIA July 2013 Letter™), at Enclosure 1.

? See, e.g., United States Airman's Information Manual, Chapter 3 Airspace, Section 4 Special Use Airspace,

available online at: http://www.faa.gov/air traffic/publications/A Tpubs/AIM/aim0304 . html.




Systems, combined with the Notice to Airmen (NOTAM) system. This took the use of airspace

from the dark ages to the modern era, and is being upgraded again by the use of GPS navigation.

Cognitive radio systems, such as developed by xG, permit interference-free use of the
same frequencies by various users at the same time, without the cost and disruption of incumbent
relocation or the wasteful creation of guard bands. As described in Attachment A, xG’s cognitive
radio system avoids interference in multiple ways, through the use of orthogonal frequency
division multiplexing (OFDM); multiple input-multiple output antennas; and a multi-tier
interference mitigation DSP engine-based technology. DOD and other Federal users could
continue to operate on the same frequencies they use now, with the same equipment, if all of the
commercial users were required to use cognitive radio in the joint use spectrum or at least some
other “shared-use” technology that allows users to sense the presence of other users and avoid
interfering with them in real time. DOD could announce where and when they wanted the full
use of a certain frequency band over a certain area for a certain time, for example air combat
maneuvering (ACM) at the Nellis ATB Gunnery range. Cognitive radio operations are software
defined, and instantly able to exclude or limit any of the frequencies of the bands programmed
into the radios. The feasibility of this approach is enhanced by the fact that many of the
proposed Federal Protection Zones are located at Air Force bases and other less populated
locations, where commercial traffic is likely to be reduced. In the above example, ACM is not
generally performed over Metropolitan areas like Las Vegas, but instead over restricted
geographic areas. However, even in more populated Protection Zones (such as Miami and St.
Louis), cognitive radio technology would allow interference-free joint use. Everyone would
benefit from this forward-looking way of using the AWS-3 spectrum: Federal incumbents avoid

relocation and disruption of operations; taxpayers avoid paying high relocation costs; the public



gains access to more spectrum for advanced broadband services; and commercial wireless

carriers gain technology that is impervious to decryption and better able to avoid interference.

Based on extensive testing xG has performed, cognitive radio systems are not susceptible
to jamming or interference, use advanced radiation patterns with smart antennas, and have the
ability to accept almost unlimited encryption so that no users would be subject to hacking or
other attempts to disrupt the system. Cognitive radio technology is not “pie in the sky.” xG’s
xMax cognitive radios system has received equipment certification from the FCC, and tested by
the U.S. Army pursuant to joint laboratory and field trials for potential use by military forces.
Under the terms of the contract, the Company delivered xMax equipment to the laboratory
facility for the Army’s Communications-Electronics Research, Development, and Engineering
Center (CERDEC), currently located in Aberdeen, Maryland. In addition, xG installed and
provided training for the Army to operate a multisite xMax system over a large part of the
Army’s Fort Bliss Desert Training areas. Also, xG recently conducted demonstrations for the
FCC’s Office of Engineering and Technology and its Public Safety and Homeland Security
Bureau. Since the entire system uses internet protocol, the encryption used is the operator’s

choice or it could be designated by DOD and/or the FCC.

The cost saving of using cognitive radio to facilitate spectrum sharing for the DOD in the
freeing of the 1755-1780 MHz band alone would be enormous, given the estimated $3.5 billion
relocation cost estimate, not to mention operational disruptions involved in moving to new

spectrum.™ It would also permit the DOD to change out their equipment to cognitive radio, at

10 July 22, 2013 Letter from Karl B. Nebbia, Associate Administrator, Office of Spectrum Management,
NTIA, to Julius P. Knapp, Chief, Office of Engineering and Technology, FCC, at Enclosure 1 (July 17, 2013 Letter
from Teresa M. Takai, Chief Information Officer, DoD, to Lawrence E. Strickling, Assistant Secretary for
Communications and Information, NTIA, U.S. Dept. of Commerce).



some point in the future and where feasible. This would allow DOD to take advantage of using
the entire bandwidth as their mission requirements change. The present and/or future
manufacturers of the DOD system could simply incorporate the cognitive radio technology in

their systems to further embrace this technology.

A further significant advantage of the cognitive radio approach is that any existing device
that has a Wi-Fi, USB or Ethernet connection can be connected to a cognitive radio system, so
the startup costs would be minimal And since the cognitive radio “base stations” are expandable
from using the smallest portion of spectrum to using the entire bandwidth, it is only necessary to
install the minimum needed for the user (another cost saving). In addition, xG’s cognitive radio
system requires no advance frequency planning. With the use of the xMax system, any
Commercial Off the Shelf (COTS) or military piece of equipment that has a Wi-Fi, USB or
Ethernet connection could utilize voice calling, text messaging, and internet throughput at up to 6
Mbs. So, the major cellular carriers would only need to connect the xG system’s antenna to their
present or new locations, connect them to the switching equipment, and they would be up and

running without any interference to incumbent DOD operations.

An additional benefit of using cognitive radio technology to minimize Federal relocation
costs is the boost to funding for Public Safety broadband communications. As noted at
paragraph 12 of the NPRM: “Once the relocation and sharing costs of the Federal incumbents
are covered, the remainder of the proceeds attributable to eligible Federal spectrum, as well as
the proceeds attributable to the 2155-2180 MHz non-Federal band, must be deposited in the
Public Safety Trust Fund and then used to fund the Nationwide Public Safety Broadband

Network to be established by the First Responder Network Authority (“FirstNet”).”



Additional information about xG’s xMax system, including its ability to avoid
interference, is provided in Attachment A, as an example of cognitive radio technology that can
be used to foster spectrum sharing between Federal and private sector users of the AWS-3
spectrum.

Conclusion

In light of the foregoing, xG urges the Commission to establish its technical and
operational rules for AWS-3 in a way that best enables spectrum sharing, as a way to reduce
relocation costs, thereby saving taxpayer dollars and enhancing FirstNet funding. It is
respectfully submitted that cognitive radio technology can create sharing opportunities and
reduce relocation of incumbent Federal users. The Commission should facilitate the use of

cognitive radio for these purposes, as described above.

Respectfully submitted,

xG TECHNOLOGY, INC,

By: / M
arold Mordkofsky
John A. Prendergagt
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Washington, DC 20037

Phone: (202) 659-0830

Its Attorneys

George F. Schmitt

Chairman of the Board

x@G Technology, Inc.

7771 West Oakland Park Boulevard
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A COGNITIVE RADIO WITH MULTIANTENNA INTERFERENCE
MITIGATION

Pertti Alapuranen (xG Technology, Inc., Sunrise, Florida, USA;
Pertti.Alapuranen@xgtechnology.com).

Richard Rotondo (xG Technology, Inc., Sunrise, Florida, USA;
Rick.Rotondo@xgtechnology.com).

ABSTRACT

Traditional cognitive radios have typically relied
on sensing and dynamic spectrum access (DSA)
to move away from channels with interference.
However, as wireless systems proliferate and base
station and user terminal density increase, the
availability of “white spaces” (frequencies with
low interference levels) will be difficult to come
by. In some cases an opponent may be actively
trying to deny access to white spaces. Therefore
increasing network performance in cognitive
networks will require an adaptive cognitive
engine designed to work in “gray spaces”
(frequencies with high levels of interference) and
in some cases ‘“black spaces” (frequencies
undergoing intentional jamming).

In this paper, we propose a method for
leveraging a 2X4 MIMO array to create a
subspace projection that leads to significant
increase in cognitive system performance. This
paper also shows how the concept can be further
enhanced by using the mobility of the end user
terminals to increase the effective size of the
antenna matrix — leading to increased
improvements in interference mitigation, bit error
rate and link budgets. Simulation results for both
methods are presented that quantify the
performance improvements of these approaches.

1. INTRODUCTION

Interference is a major impediment to reliable and
efficient wireless transmissions, and can
negatively impact performance and coverage in
mobile systems. As more people (and their

wireless smart phones, tablets, laptops, etc.) share
the scarce airwaves used by today’s data
networks, they not only use more bandwidth, but
they also increase the overall interference level in
the network. New heterogeneous network
architectures that reuse spectrum in an effort to
increase capacity with a mix of macro, pico- and
femtocells present additional challenges as self-
limiting interference is introduced into the
network. Thus, dealing with increasing levels of
interference is a critical issue for wireless systems
designers and service providers alike. Cognitive,
or “smart radio” technologies combined with
flexible Software Defined Radios (SDR) and

Multiple input Multiple Output (MIMO)
architectures offer the potential to combat
interference.

By definition, a cognitive radio “provides
radio resources and services most appropriate” to
the user’s needs [1]. However, with an expanding
Digital Signal Processor (DSP) and SDR
capabilities, the cognitive operation can be
expanded within and beyond the original
definition, and can include the use of RF and
antenna systems in different modes depending
upon environment and operational requirements.
For example, a MIMO capable antenna system
can be simultaneously used for Maximal Ratio
Combining (MRC) and interference mitigating
array configurations so long as the signal
processing system can deliver adequate
computing performance within the available size,
power and thermal budgets.

This paper discusses a cognitive interference
mitigating SDR MIMO radio that is initially
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designed to operate in the ITU Region 2 900MHz
ISM band.

2. OVERVIEW OF INTERFERENCE IN 900MHZ
ISM BAND

The unlicensed 900MHZ band is extensively used
by various devices from telemetry and video links
to cordless phones and wireless baby monitors. To
comply with FCC partl5 rules in the USA the
minimum bandwidth, power spectral density and
transmit power are strictly limited. The minimum
bandwidth is 500 kHz and maximum radiated
output power is 36dBm EIRP. Large numbers of
uncoordinated devices on the band also increase
the noise floor to the point that traditional radio
systems may not work or they deliver reduced
range and data rates. Common interferers in the
band include cordless phones that use frequency
hopping spread spectrum modulation. Another
common type of transmission used by fixed
broadband systems is wide band Frequency Shift
Keying (FSK) or Orthogonal Frequency Division
Multiplexing (OFDM). These types of systems
often occupy the entire 902-928MHz band.

To operate a mobile broadband data network
in the presence of these systems, multiple
methods to mitigate the interference are required.

3. A COGNITIVE APPROACH FOR OPERATING
WITH INTERFERENCE

While a large amount of research is devoted to
interference free secondary sharing, Preston
Marshall introduces a term of Interference-
Tolerant Sharing in his book of “Quantitative
analysis of Cognitive Radio and Network
Performance” [2]. The concept of interference
tolerant sharing offers a potential for a large
increase of network density. The cognitive radio
described in this paper not only attempts to avoid
interference; it also incorporates techniques that
increase  its interference tolerance  while
maximizing system capacity within Part 15 FCC
rules.

Faced with ever increasing density of
unlicensed use of ISM bands, xG Technology’s

xMax cognitive radio uses a multifaceted strategy
for dealing with interference. @ The system
incorporates a Dynamic Spectrum Access (DSA)
concept including the ability to automatically
identify and dynamically access better spectrum
in response to the presence of potentially harmful
interference.  The system can locate another
portion of spectrum with less interference in
40ms, move the communications to the new,
clearer portion of the spectrum, and monitor
interference levels in these new frequencies. In
short, the cognitive system performs real-time
sensing of interference on a channel and then
rapidly changes channels when interference
exceeds preset thresholds.

One of the challenges for real-time sensing is
to create sensing opportunities for both the base
station and user terminals. Additionally, the
system has to avoid self-interference from co-
located devices, specifically from base stations
and access points that are collocated to serve
multiple channels. The xMax system uses Time
Division Duplexing (TDD) and Time Division
Multiple Access (TDMA) as a channel access
method. Unlike CSMA/CA, the TDMA approach
allows terminals to use DSP and RF resources for
scanning other frequencies during time periods
when they are not communicating with their
associated base station.

4. THE XMAX COGNITIVE RADIO PLATFORM

The xMax platform is targeted for commercial
service, initially using the 900MHz ISM band.
Delivering high system capacity while meeting
low power requirements from both FCC Part 15
rules and battery powered operation presents
implementation challenges when balancing
functionality, range and signal processing with
maximum  operating time and low-cost.
Additionally the size of the radio has to be within
an envelope that allows for portable operation.

To allow efficient MIMO and smart
antenna operation the system uses 4x2 antenna
configuration, i.e. four receive antennas and two
transmit antennas together with a parallel DSP
processor that can dynamically execute multiple



receiver algorithms wunder the control of a
cognitive control system. Figure 1. xMax
Cognitive Radio Block Diagram (Figure 1) shows
the main parts of the system and illustrates the
number of receiver algorithms available to the
cognitive engine.

Figure 2 shows the first hardware
implementation of this radio. In this image the
DSP subsystem is visible on a stack, where the RF
subsystem is on a separate board mounted below
the main digital board.
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Figure 1. xMax Cognitive Radio Block Diagram

Figure 2. xMax Cognitive Radio Platform

4.1. Antenna System

Antenna system for a cognitive MIMO radio with
an interference mitigation system present
contradicting requirements. Small size, high
performance and different modes of operation
requiring four antenna elements are difficult to
include into a portable, compact design.

A low envelope correlation coefficient is a
key metric for good diversity performance in a
fading radio channel. Typically a value of less
than 0.5 is required [1]. The final antenna system
used was designed to achieve 10dB diversity gain
in a Rayleigh fading channel. As a result of
testing multiple approaches and designs, a patch
antenna solution using high permittivity low loss
printed circuit board material was implemented.

Measurements confirmed that the design
exceeded the goal of diversity gain by 2 dB (12dB
actual). Figure 3. xMax MIMO antenna (Figure 3)
shows the patch antenna design. The antenna
operates by exciting a patch structure through
multiple ports. The volume of the antenna is
extremely small and it is designed to stack on top
of the cognitive radio platform. The cuts on the
antenna board improve efficiency by stopping
surface propagation.

wave

Figure 3. xMax MIMO antenna

4.2. RF Subsystem

Due to the cognitive nature of the system, the 4x2
MIMO RF subsystem design is flexible in nature.
The front end is capable of 400MHz-3GHz of
operation. However, to save cost in the first
implementation, the power amplifiers are



designed only for 900MHz band operation. The
base band signals are digitized using 14-bit
converters. The xMax  system  allows
programmable channel bandwidth up to 20MHz -
where a second stage of selectivity filtering uses
the DSP subsystem. Additionally, the front end
band filtering can be bypassed in cases where
there are no strong interfering signals present to
improve performance and reduce power
consumption.

4.3. Digital Signal Processing Subsystem

The DSP subsystem is able to dynamically
execute multiple receiver algorithms depending
on decisions from the cognitive engine. To
deliver  the required signal  processing
performance in a battery operated device a C-
programmable 100 core parallel signal processor
is used. The processor delivers 50GOPS and
25GFLOPS of processing performance in a single
chip, and can execute 100 parallel threads while
integrated Direct Memory Access (DMA) engines
transfer data between the processing elements.
Digitized baseband signals are fed into the DSP
and routed to processor cores that execute receiver
algorithms. Processed signals are compared for
cyclic redundancy check (CRC) matches and if
the packet is received error free the decoded data
bits are delivered to the Logical Link Control
(LLC) and Media Access Control (MAC) layers
being executed on a Texas Instruments OMAP
that contains traditional DSP and ARM processors
in a single package.

4.4. The Cognitive Engine

The goal of the xMax cognitive system operating
in an unlicensed band is not to protect incumbent
operations, but to share spectrum fairly with other
systems and to use the spectrum efficiently.
However, a DSA-only system might not be able to
find and operate in a low-interference channel if
one is not available. For this reason the cognitive
engine in xMax includes a capability to select
among multiple receiver algorithms and
waveforms to mitigate interference. There are

several practical ways to do this; spread spectrum,
adaptive antenna arrays, polarization and space
diversity are few examples. The cognitive
approach chosen includes the use of a flexible
antenna system and signal processing system that
allows the cognitive engine to dynamically decide
what approach is most beneficial for mitigating
encountered interference. The cognitive engine
can optimize operations by instructing the
physical layer to execute different algorithms, and
based on real-time measurements, can choose
what parameters are beneficial to implement.

It is anticipated that it will be possible to add a
learning cognitive engine into the design by using
a classifier in the future. For example, received
signal strength, measured SNR and achieved data
rate can be used to select a subset of operational
modes using nearest neighbor or k-nearest
neighbor clustering algorithms.

5. ADAPTIVE RECEIVER ALGORITMS

If the measurements indicate that a better channel
is available, the system tunes to a new frequency
within 40ms. However, if there is no better
frequency available the system will use adaptive
receiver algorithms to combat interference.
Multiple receiver algorithms are executed under
control of the cognitive engine and statistics of the
interference measured by the wuser terminal
devices and the base stations and are used to
choose what receiver algorithms are most
beneficial.

For example, if the receiver signal strength
(RSSI) is low, MRC is effective in improving link
budget and to combat fading. If RSSI is high, but
packet error rate is higher than expected for the
conditions, the results from multiple receiver
algorithms are compared to gather information on
what transmit waveform and receiver algorithm
combination will be most effective.

In the case of severe interference and
when there is no better frequency to move on to,
the system uses the multi antenna system to
orthogonalise the interference to the desired
signal. Additionally the cognitive system can use



the physical motion of the user terminal to create
a virtual antenna array.

The selection criteria for these modes are
complex and can be tuned over time as field
experience with the system is gained. For
example, there may be instances where the same
link performance can be reached with multiple
algorithm combinations. This creates a danger of
possibly selecting a local minima at a terminal
where the performance goal is reached, but the
solution also greatly reduces the overall system
capacity. An example of this is operation in the
presence of burst interference where increasing a
modulation rate may improve operation by
reducing the probability of data bursts being “hit”
by an interferer (at high data rate bursts are
shorter in time). A typical approach for non-
cognitive radios in this scenario is to reduce
modulation rate in an effort to improve the link
budget.

5.1. Cognitive Subspace Projection Receiver

One of the adaptive antenna technologies
available to the xMax cognitive engine is a
subspace projection receiver. The receiver
algorithm uses multiple dimensions of a receive
signals from a MIMO antenna to orthogonalize
the interference to the desired signal. The
performance of the algorithm depends on many
factors, including the number of antenna
elements, element spacing and correlation to
mention a few. The idea of the algorithm is to
compute a projection from multi-dimensional
signal space into a lower dimension so that Signal
to Noise Ratio (SNR) is maximized.

Subspace projection in Figure 4 shows the
idea by illustrating a 3-dimensional vector “a”
projected on the 2-dimensional signal subspace
“S”. The point “P” is chosen so that “v” and “e”
are orthogonal, where “e” is error signal, i.e.

interference.

Q.
N

Figure 4. Subspace projection principle

For efficiency, the real-time computation of the
projection can be done in the frequency domain.
OFDM systems are beneficial in this case because
the information in the receiver is already in the
frequency domain after initial Fast Fourier
Transform (FFT). However, the system performs
well only when the projection is computed using
carriers that are within a radio channel’s
coherence bandwidth.

Due to the FCC rules for ISM bands, a
transmit beam forming approach is not beneficial.
The FCC rules require power reduction by factor
of 10*log;o(N) where N is the number of transmit
antennas. The reduction is required irrespective of
the signal processing system, which in theory
could reduce interference by projecting
transmission into the estimated null space of a
non-cognitive radio receiver [4].
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Figure 5. Simulation results of MRC and subspace
projection in an interference

In a 1.4MHz 128 carrier system the simulation
shows that the number of subcarriers per
projection has to be in the range of 10-15 to
perform in mobile radio channels. To compute the
projection, a known reference signal is
transmitted. For example, a Least Squares (LS)
solution W can be computed as W = (ATA)’
*AT*d, where the d is a known signal (local stored
reference) and A contains measured complex
subcarrier values. The solution is reasonably
straightforward because the signal vector d is
known, unlike in signal parameter estimation
cases where both A and d have to be estimated
[5]. In a four antenna xMax system, computations
have to be done 8 times, i.e. once per each group
of 13 subcarriers in a received frame.

Simulation results of MRC and subspace
projection in an interference rich environment
quantified in Figure 5 show the performance of a
MRC receiver compared to xMax’s four antenna
subspace projection processing. In these
scenarios, a user terminal is communicating with
a picocell that is on a same channel as a nearby

macro base station, resulting in 3dB higher power
for macro cell signal at the receiver. In the
scenario shown, the MRC receiver fails to
maintain adequate link performance, while the
subspace projection based receiver delivers an
adequate bit error performance.

5.2. Virtual antenna system using platform motion

A cognitive radio receiver can automatically
change transmission parameters and even signal
formatting. In severe interference cases the
motion of the end user terminal can be used to
increase performance by using it to create a
“virtual antenna array”. When the cognitive
engine decides that changing the frequency is not
an optimal solution, and that MRC or subspace
projection receivers are not delivering adequate
performance, it is able to switch to a mode where
Hybrid Automatic Repeat Request (HARQ)
retransmissions are used to increase receiver
signal dimensionality.

This method is an extension of the
subspace projection method, except that the size
of matrix A is doubled using a retransmission to a
moving end user terminal. When a received
packet fails, the subcarrier information is stored
and HARQ retransmission is used to fill the 8x8
MIMO matrix A. The computational complexity
of the solution increases roughly as the third order
of the matrix A size. However, with parallel DSP
processing the solution can be computed in real-
time. Simulation results show that the motion and
resulting increase in the size of matrix A
outperforms the original four antenna projection
method by more than 5dB, depending on the
terminal speed. Generally, increased speed
improves link performance due to the dimensions
of the virtual antenna array increasing as the result
of terminal motion between retransmissions.
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Figure 6. Coded BER of subspace projection method
using platform motion to increase antenna matrix size.

Coded BER of subspace projection method using
platform motion shown in Figure 6 illustrates the
performance improvement using HARQ with the
increase of matrix A size. It is important to note
that the bit error rate improvement using HARQ
comes at a cost of transmitting the data burst
twice.

6. CONCLUSIONS

This paper has presented a cognitive MIMO radio
with advanced interference mitigation capabilities
that allows for increased network density or base
stations and or user terminals. The radio system
incorporates a cognitive engine that receives
information on the relative performance of
different receiver algorithms. This information is
used to decide how best to use the antenna system
and available DSP resources to maximize
capacity, throughput or other network
performance measures. The radio can change
transmission protocols and use a virtual antenna
array created by the physical motion of user
terminals as a way to maintain the data link under

exceptionally harsh RF conditions. Although the
presented system is designed for commercial
operation on unlicensed bands and does not
require incumbent protection, the cognitive engine
tries to share the band fairly.

The goal of this paper is to introduce an
expanded view of the conventional cognitive
radio concept to include a cognitive engine that
can dynamically apply one or more receiver
algorithms while also using multiple modes of its
MIMO antenna system. This ability allows the
radio to dynamically transform from a simple
MRC based receiver to a relatively complex radio
that uses retransmissions and terminal motion of
its MIMO matrix array to increase signal
dimensionality. Simulation results confirm that
the concept of a cognitive radio where receiver
algorithms are C-programmable applications that
execute on a high performance parallel DSP under
control of a cognitive engine can produce
significant increases in the link budget.
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xMax Advanced Interference Mitigation Process
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The xMax network evaluates each device's signal every 20 milliseconds. This figure illustrates some
of the inputs and decisions that the network makes to mitigate interference prior to deploying
advanced Dynamic Spectrum Access (DSA) strategies to move the device to a different channel.






